As nanotechnology becomes increasingly important and ubiquitous, new and scalable synthetic approaches are needed to meet the growing demand for industrially viable routes to nanomaterial production. Continuous-flow hydrothermal synthesis or supercritical water hydrothermal synthesis (scWHS) is emerging as a versatile solution to this problem. The process was initially developed to take advantage of the tunable chemical and physical properties of superheated water to produce metal oxide nanoparticles by rapid nucleation and precipitation. The development of new mixing regimes and reactor designs has been facilitated by the modelling of reactor systems. These new reactor designs further exploit the properties of supercritical water to promote faster and more uniform mixing of reagent streams. The synthetic approach has been expanded beyond the metal oxide systems for which it was conceived, and now encompasses metal sulfides, metal phosphates, metal nanoparticles and metal-organic frameworks. In many of these cases, some degree of size and shape control can be achieved through careful consideration of both chemistry and reactor design. This review briefly considers the development of scWHS reactor technology, before highlighting some of our recent work in expanding the scope of this synthetic method to include a wide range of materials.
As nanotechnology becomes increasingly important and ubiquitous, new and scalable synthetic approaches are needed to meet the growing demand for industrially viable routes to nanomaterial production. Continuous-flow hydrothermal synthesis or supercritical water hydrothermal synthesis (scWHS) is emerging as a versatile solution to this problem. The process was initially developed to take advantage of the tunable chemical and physical properties of superheated water to produce metal oxide nanoparticles by rapid nucleation and precipitation. The development of new mixing regimes and reactor designs has been facilitated by the modelling of reactor systems. These new reactor designs further exploit the properties of supercritical water to promote faster and more uniform mixing of reagent streams. The synthetic approach has been expanded beyond the metal oxide systems for which it was conceived, and now encompasses metal sulfides, metal phosphates, metal nanoparticles and metal-organic frameworks. In many of these cases, some degree of size and shape control can be achieved through careful consideration of both chemistry and reactor design. This review briefly considers the development of scWHS reactor technology, before highlighting some of our recent work in expanding the scope of this synthetic method to include a wide range of materials.
Introduction
The synthesis of inorganic nanomaterials is driven by the ever-increasing array of applications found to benefit from the reduction in size of the primary particles. initially examines the factors that must be considered in the design and implementation of continuous-flow reactors for the controlled production of inorganic nanomaterials, and how reactor design has evolved to meet these challenges, before considering some of the materials produced by continuous-flow hydrothermal and solvothermal methods.
General considerations (a) Nucleation and growth
There are many factors to be considered in the synthesis of nanoparticles. The ideal for most purposes is to obtain nanoparticles with controlled sizes and a narrow size distribution. The LaMer model (figure 1) for the growth of monodisperse colloids, developed in the 1950s for colloidal sulfur, offers a simple conceptual framework with which to consider the formation of nanoparticles [27] . Upon mixing, or otherwise initiating a reaction, there is a build-up of precursors (stage I; figure 1), creating a degree of supersaturation. When the level of supersaturation surpasses the critical nucleation threshold, nucleation occurs (II), reducing the degree of supersaturation. If the rate of nucleation outstrips the rate of precursor formation, the precursor concentration will drop back below the nucleation threshold. Nanoparticle growth may then proceed by a number of pathways: monomer addition, in which additional precursor units deposit onto the preformed nuclei from solution; Ostwald ripening, whereby energetically disfavoured small nuclei redissolve and deposit onto more thermodynamically favourable larger nuclei; and coalescence, in which multiple nanoparticles come together and fuse (III). This framework allows us to consider methods by which both size and size distribution may be controlled.
In most batch processes, such as sol-gel or conventional hydrothermal and solvothermal reactions, precursor formation occurs over a long time period owing to, for example, slow heating rates. As a result of this, the precursor concentration is often maintained above the critical nucleation threshold for extended periods, and nucleation occurs continuously and concurrently with growth. This gives rise to broad particle size distributions. If sufficiently long reaction times are employed, then particle size will 'focus'. Focusing occurs when nuclei formed over the course of the reaction grow by addition from solution, giving initially a polydisperse sample. As suggested by Sugimoto [28] , the rate of diffusion-limited growth will vary with particle radius in such a way that small particles will grow faster than larger ones. Coupled with Ostwald ripening and coalescence, this leads to the focusing effect-a narrowing of the size distribution, with the formation of larger particles at the expense of smaller, less stable nuclei. Thus, while the particle size distribution may narrow, the actual size increases significantly. This is, in effect, the rationale behind many sol-gel and hydrothermal/solvothermal batch processes, which typically yield quite large nanoparticles. Carefully considered chemistry in the choice of solvents, reagents and additives such as capping agents and micelles to control the kinetics of both nucleation and growth can mitigate these size increases while maintaining a narrow size distribution, though this adds further complications and the need for long reaction times remains.
An alternative strategy, which can potentially decrease the required reaction times significantly, is the temporal separation of the nucleation and growth stages. In this case, nucleation must effectively happen only once, through a burst nucleation step. This can be achieved by the extremely fast generation of precursor such that the critical nucleation threshold is passed quickly. Rapid nucleation then relieves the supersaturation. This initial nucleation step must be sufficient to bring the precursor concentration back below the critical point, and without the addition of further precursor, no new nuclei may be formed. By achieving this fast burst of nucleation, there are minimal size discrepancies, thus limiting Ostwald ripening. This leads to nuclei of similar size, which grow almost exclusively by diffusion. This gives a narrow size distribution, with the possibility of size control by varying reaction times and the addition of further precursors while maintaining the concentration below that required for nucleation to occur. This approach has been used extensively in hot-injection processes for the growth of monodisperse metal, metal oxide and chalcogenide nanoparticles, particularly in the production of quantum dots, where small sizes and narrow size distributions are critical [29, 30] . To prevent growth and to limit the nanoparticle size to near that of the initially formed nuclei, it is possible to induce the nucleation burst and then immediately stop any further reaction. This can be achieved by limiting the available precursor, either by ensuring that the initial nucleation consumes all available precursor, by quenching the reaction mixture or by removing any driving force necessary for further growth, e.g. temperature.
(b) Properties of supercritical water and reactor design
Many of the reactions that generate inorganic nanomaterials require organic solvents, such as alcohols for sol-gel syntheses, or high-boiling-point coordinating solvents for hot-injection methods. Water is, of course, the 'greenest' solvent available. However, its physical and chemical properties often prohibit its use in such systems. It has a relatively low boiling point that limits its applicability to many high-temperature reactions and has a high polarity that prevents the solubilization of many organic and non-polar molecules that may be needed as capping agents to stabilize inorganic nanomaterials. These limitations can of course be overcome. Temperatures above 100 • C can be easily achieved for water when pressure is applied, whether external or autogenous. Under such conditions, particularly on approaching the critical point of 374 • C and 22.4 MPa, water exhibits many unusual properties, as may be expected of such a complicated 'simple' molecule. Such high temperatures permit reactions that would not otherwise be possible. At high temperatures, the density and polarity of water are vastly decreased, and this is more pronounced upon reaching the critical point [31, 32] . Furthermore, the dissociative behaviour changes drastically with temperature. These factors (highlighted in figure 2 ) have enormous implications on reactor design. The simplest conceivable reactor design for a continuous-flow hydrothermal/solvothermal process is one in which a precursor solution is simply pumped through a heated zone under pressure, inducing reaction, with the products being collected after passing through the heated zone and any cooling stages required. While this approach has been used by a number of researchers, particularly in microfluidic reactors, and has proven successful in the synthesis of a variety of materials, it does not take advantage of the possibilities offered by reactor engineering. The effect of this design on nucleation and growth is similar to that observed in a standard batch hydrothermal reaction, with new nuclei continuing to form while previously formed nuclei grow as the reactant stream flows through the reactor. However, unlike traditional batch hydrothermal methods, reaction times are limited by the heated volume of the reactor and the necessary flow rates. As such, it is difficult to achieve sufficiently long reaction times in which all nuclei are under the same conditions for enough time to promote the focusing effect to control the size distribution. The products from this basic system suffer from poor size control, as subsequent growth of nuclei is an unavoidable consequence of the simple design; consequently, it produces materials with a high degree of polydispersity. In 1992, Adschiri et al. [33] exploited the properties of near-and supercritical water, namely the decreased dielectric constant and increased dissociation to H + and OH − , to facilitate the rapid continuous production of a variety of metal oxides in what has become known as supercritical water hydrothermal synthesis (scWHS) and which is more generally known as continuous-flow hydrothermal synthesis (CFHS). Here a reagent stream, typically an inorganic metal salt (ML x ), is brought into contact with a separate stream of water pre-heated to a near-critical or supercritical state. hydrolysis and dehydration of the metal salt to generate the metal oxide, which immediately precipitates as nanoparticles, according to the equations
These metal oxide nanoparticles are then carried further downstream through an additional heating zone to promote growth. This process essentially replicates the batch hot-injection procedure in a continuous-flow system, and the basic principle now informs the majority of continuous-flow hydrothermal techniques.
Early work on scWHS reactors used simple T-piece mixing points. The mixing efficiency within these reactors has been studied using pseudo-fluid modelling, whereby methanol and sugar water, with densities of 0.79 and 1.178 g cm −3 , respectively, are used as analogues for low-density supercritical water and the higher-density cold stream [34] . These results, shown in figure 3a, indicate that T-piece mixers do not provide uniform mixing and suffer from undesirable premixing of the two streams. Computational studies to model the mixing regime within T-piece reactors have also shown that there are disadvantages with this type of reactor owing to the incomplete mixing of reagent streams. Alternative reactor arrangements have also been examined, including Y-mixing and co-current mixing ( figure 3b,c) . Through these studies, design criteria were identified for an ideal scWHS reactor:
(1) Instant, uniform and complete mixing of the reagent streams to yield a high number of small nuclei. (2) Short average residence times and narrow residence time distributions in order to maintain small size and narrow size distributions, respectively. (3) Minimal heating of the precursor stream prior to mixing to avoid premature nucleation, unwanted reactions and blockage of the tubing prior to the reactor. (4) Adequate flow to prevent particle settling and accumulation within the reactor.
The application of these criteria led to the development of the counter-current mixing reactor used in our laboratories in Nottingham [35] . A supercritical water stream is achieved by pumping water through a pre-heater unit before passing downwards through a central inner tube to a mixing point, where it meets a room-temperature reagent stream flowing upwards. This vertical tube-in-tube arrangement exploits the lower density of the supercritical stream to promote rapid and symmetrical mixing, whereas the physical arrangement prevents undesirable mixing or heating of the reagent stream. Both pseudo-fluid modelling and computational studies suggest that this design overcomes many of the problems associated with the more basic T-piece reactors. A schematic of this reactor and pseudo-fluid modelling, highlighting the efficient mixing dynamics, is shown in figure 4 . Unless otherwise stated, this is the reactor configuration used in the work reviewed here.
Materials
As mentioned above, the scWHS method was initially developed for the production of fine metal oxide nanoparticles, and much of the work in the field has remained focused on these materials. Our own work includes many metal oxide systems, and we have also been involved in a concerted effort to expand the library of materials accessible by this technique. Several reviews have been written on the continuous-flow hydrothermal synthesis of metal oxide nanoparticles [36, 37] , and as such we will only consider them here briefly. The remainder of this review provides an overview of our work in mapping the synthetic landscape around this technology. An overview of some of the materials prepared by continuous-flow hydrothermal and solvothermal techniques is given in table 1.
(a) Metal oxides
The initial investigations, performed by Adschiri et al. using a T-piece mixer-type reactor, explored the synthesis of a whole host of metal oxides, including haematite (Fe 2 O 3 ), magnetite (Fe 3 O 4 ), cobalt oxide (Co 3 O 4 ) and anatase-phase titania (TiO 2 ) [33] . Further work by Adschiri et al. added ceria (CeO 2 ) [38] , lithium cobalt oxide (LiCoO 2 ) [58] and the oxyhydroxide boehmite (AlOOH) [59] . This approach informed much of the subsequent research in the area, and the number of oxides available by this technique expanded to include more complex oxides such as yttrium aluminium garnet (Y 3 Al 5 O 12 ) [40, 41] , its doped analogues and potassium niobate (KNbO 3 ) [42] . Other mixed metal oxides, such as Ba (1−x) Sr x TiO 3 , have also been prepared via solvothermal methods using alkoxide precursors with longer residence times [43, 44] . As is shown in figure 5 in the case of both titania and haematite, the size of the obtained nanoparticles may be altered by changing the reaction temperature. Generally, the size increases with increasing reaction temperature, indicating an increase in the critical nucleus size at higher temperatures. While this is difficult to reconcile with the decreased polarity of supercritical water, it is consistently observed across many (but not all) systems, and it may be the case that the increased temperature overrides the decreased solubility. Alternatively, it may be that, in these particular systems in which the oxide can be formed at temperatures as low as 200 • C, higher temperatures allow nanoparticle growth to continue, as it takes longer for the system to cool. Typically, the metal oxide nanoparticles produced by this method adopt a roughly spherical morphology, adding credence to the proposed fast nucleation mechanism. There are exceptions to this, of course, with spinel-type Co 3 O 4 , for example, adopting a highly faceted cubic morphology [39] . Clearly, given the temperature and time dependence of particle size, and the observation of faceted nanostructures, it must be assumed that some degree of growth occurs even in this highly nucleation-biased process. It is reasonable to suggest that, even at such high temperatures, incomplete reaction at the mixing point allows for some diffusional growth before the flows can be cooled below the temperatures required for further growth and crystallization.
(b) Metal sulfides
During the synthesis of metal oxide nanomaterials, the oxygen is provided by the water itself. Consequently, consideration must first be given to how a suitable sulfur source can be introduced into the existing method that will promote metal sulfide production in preference to metal oxide production. Many sulfur-containing compounds will break down under hydrothermal conditions to hydrogen sulfide or hydrosulfide (H 2 S or HS − ), but these are often highly volatile, toxic, poorly water-soluble and have unpleasant odours (to say the least). While sodium sulfide is an obvious contender, its dissociation in water limits its practical application, as precipitation of poorly crystalline metal sulfides occurs immediately with little control. To this end, thiourea was chosen as a suitable precursor. It is odourless, water-soluble and through the isomerization to ammonium thiocyanate has a very low-energy route to generating hydrogen sulfide [60] . Once produced, hydrogen sulfide may essentially act in place of hydroxide ions in the oxide production scheme, thus providing a route to metal sulfide nanomaterials:
An interesting complication arises from the in situ generation of HS − as a reagent in a flow system such as this: there are multiple options for delivering the sulfur source. When the thiourea is flowed through the pre-heater, the decomposition reaction will be complete prior to mixing with the metal salt stream, thus ensuring an excess of hydrogen sulfide at the mixing point. This route promotes a nucleation-driven reaction. Alternatively, the thiourea and metal source may both be contained in the cold reagent stream, such that thiourea decomposition and metal sulfide formation are in competition after mixing with the superheated water stream. This latter route maintains the overall precursor concentration at lower levels and promotes growth of the metal sulfide particles. Figure 6 shows the application of these different methods to the production of various metal sulfides. Under the nucleation-driven method, small, typically sub-20 nm, nanoparticles are obtained for many different sulfides, including zinc, cadmium and lead. Because of the longer residence time afforded to thiourea decomposition using the nucleation method, it has been found that this method is more widely applicable because it offers a wider range of reaction temperatures. Specifically, lead sulfide, copper sulfide and bismuth sulfide may only be prepared at subcritical temperatures, as reaction temperatures above 300 • C generate impurities or cause decomposition of the desired sulfide phases. The growth method in contrast is only possible with the pre-heated water stream at supercritical conditions, as this burst of high temperature on mixing is required to initiate the breakdown of thiourea in the short contact time. As this breakdown happens concurrently with metal sulfide formation, larger nanostructures of zinc, cadmium and iron sulfide are obtained. The final morphologies are heavily predicated by the underlying crystal structure. A selection of the metal sulfide nanoparticles and nanostructures derived from these methods are shown in figure 6 [45] .
Given the wide applicability of the nucleation method for the production of metal sulfide nanoparticles, we sought to apply this same technique to the generation of molybdenum conditions, the tetrathiomolybdate anion MoS 4 2− was formed. This readily transforms into amorphous Mo(IV)-containing MoS 3 under acidic conditions [62] . Acidic conditions could be achieved easily in flow simply by the addition of a further inlet stream after the initial mixing point. The acid chosen for this is acetic acid, as it is non-oxidizing to promote the Mo(VI) → Mo(IV) reduction while also being compatible with the stainless steel reactor at high temperatures. The modular nature of the continuous-flow system also allows an additional heating unit to be added to the outlet of this reactor to promote the crystallization of MoS 2 from the amorphous MoS 3 precursor generated in the preceding steps [46] . This multi-step reaction produces tangled nanosheets of MoS 2 , as shown in figure 7 , and highlights the value of both a continuous-flow system and supercritical water in taking a reaction that requires days to perform in batch to completion within approximately 30 s:
(c) Metal phosphates
Perhaps the biggest driving force behind the exploration of CFHS for the production of phosphate materials lies in the emergence of lithium iron phosphate as the next-generation battery material [63] . The ever-increasing push towards green and sustainable energy with the need for large-scale grid storage, as well as the burgeoning abundance of electric vehicles and personal electronic devices where miniaturization is key, means that new and improved battery materials are in constant demand. Lithium iron phosphate emerged as a contender for the throne of 'next-generation battery material' some years ago, following on from its initial production and the speculations of Padhi & Goodenough [64] regarding its potential use in electrochemical devices. With its high capacity, stability and low toxicity, LiFePO 4 offers many advantages over conventional metal oxide-based cathode materials (LiMO 2 ). However, it suffers from low electronic conductivity and sluggish lithium-ion diffusivity through the olivine structure. These shortcomings may be mitigated or overcome by controlling the size and shape of the LiFePO 4 in order to minimize the Li + diffusion path length [65] . CFHS offers a route to large-scale synthesis, sufficient to meet the growing demands of a society that is increasingly dependent on electricity, with the scope to produce small nanostructures with controlled shapes. A number of groups have been active in this area, and a great wealth of work now exists exploring the ramifications of reaction parameters on the production of LiFePO 4 [47] [48] [49] . It has been found by these researchers that, under subcritical conditions, many impurity phases may be obtained. In a typical continuous hydrothermal reaction, whereby a mixed solution of H 3 PO 4 and FeSO 4 is mixed with LiOH prior to meeting a pre-heated water stream, oxidation of Fe(II) to Fe(III) occurs, resulting in iron oxide impurities. Similarly, the widely accepted mechanism for LiFePO 4 formation involves the initial production of iron phosphates (Fe x (PO 4 ) y · zH 2 O), and such materials are often observed as impurities. Under supercritical conditions, many of these issues are resolved (figure 8), particularly the presence of iron phosphate impurities. Preventing the formation of iron oxides remains a challenge, even at supercritical conditions, and is an important barrier to overcome, because impurity phases are detrimental to the eventual performance of the LiFePO 4 cathode, although careful degassing of precursor solutions can help with this. Despite a number of issues remaining with continuous hydrothermal synthesis of LiFePO 4 , large-scale production is being realized, and is fast becoming a highly competitive and lucrative market. In 2011, the Korean company Hanwha Chemicals completed the world's first continuous supercritical hydrothermal plant for the production of nanoscale lithium iron phosphate, producing at 100 tonne per year scale (http://hcc.hanwha.com/eng/index_eng.jsp), clearly demonstrating the capabilities of continuous-flow supercritical hydrothermal synthesis as an industrial process. With an intense push recently by automobile manufacturers and governments worldwide towards the electrification of vehicles, this need for ever cheaper and sustainable synthesis technology is only going to grow more rapidly.
In addition to the extensively studied lithium iron phosphate, the CFHS method has been investigated as a route to the calcium phosphate mineral hydroxyapatite, Ca 5 (PO 4 ) 3 OH, which is widely used in biomedical applications. Given its natural role in the body as a component of teeth and bones, synthetic hydroxyapatite is ideally suited as a bioceramic, acting as a replacement for damaged bone, a coating to promote regrowth and as a porous material for drug delivery in bone implants. Given the obvious benefits of the nanoscale-based applications and the future scope for three-dimensional printing of bioceramics, it is likely that methods for the production of biocompatible nanoceramics will be highly sought after. Several research groups have reported on Chaudhry et al. [51] first reported the synthesis of hydroxyapatite with a counter-current mixingtype reactor in 2006. A calcium source is mixed in flow with a phosphate source prior to meeting the pre-heated water stream that induces crystallization of the hydroxyapatite, where significant increases in crystallinity upon increasing the temperature of the pre-heated stream were seen. The best product from this method presents as low-aspect-ratio nanorods. Further work by Darr and co-workers [52] developed routes to doped and substituted hydroxyapatites. Our own efforts in this area have examined the scope for shape control within this system, with pH and reaction temperature proving to be vital factors [50] . Figure 9 shows nanoplates, nanorods and nanotubes of hydroxyapatite prepared under various conditions in our reactor system.
(d) Metals
Metal nanoparticles are subject to intense scrutiny not only owing to their importance as model systems for nucleation and growth, but also because of their vast importance in many technological fields. Biomedical imaging is assisted by the size-and shape-dependent optical properties of colloidal metal nanoparticles [66] , including gold and silver, whereas other precious metal nanoparticles such as platinum, palladium and ruthenium serve as highly efficient catalysts [67] from automotive exhausts, for example. More recently, there has been a growing interest in the development of dispersible metal nanoparticles for the production of printable electronics [68, 69] , the so-called electronic inks, with copper and silver proving most suitable for these purposes. Certain metals may be prepared readily as nanoparticles by batch aqueous processes, gold and silver being prime examples; however, many metal complexes are far too resistant to reduction. In most cases, of course, a reducing agent is needed to generate metal nanoparticles from metal salts. The citrate method for the controlled synthesis of colloidal gold is perhaps the most widely known, though many organic and inorganic reducing agents have been used. This general approach is easily transferred to a continuous-flow system. The production of silver nanoparticles has been achieved on our system using an aqueous solution of silver acetate as the metal source ( figure 10a, b) [53] . The acetate moieties are believed to generate a sufficiently reducing environment to cause the reduction to silver metal, though the products obtained are large and highly polydisperse in size and shape. Additionally, the temperatures required for the reaction are high enough to melt the silver nanoparticles, causing a build-up on the reactor walls. The inclusion of polyvinylpyrrolidone (PVP) in the reagent stream as both a reductant and stabilizing agent yields smaller and more uniform particles and prevents coalescence and deposition of the silver nanoparticles ( figure 10c, d) . This reaction is possible owing to the ease with which silver(I) may be reduced to silver metal (E 0 = 0.8 V). In an oxygen-rich environment, such as is provided by supercritical water, metal ions with lower redox potentials will tend to form the oxides. For example, copper(II), which, nominally, is quite easily reduced to copper(0) (E 0 = 0.34 V), cannot reliably be reduced to produce copper nanoparticles under the same hydrothermal conditions, generating copper oxide instead. In order to produce copper nanoparticles on a continuous-flow system, it is necessary to perform the reaction under solvothermal conditions. Figure 10e shows sub-10 nm copper nanoparticles obtained through a continuous-flow solvothermal reaction. In this case, the organic solvent and its decomposition products are powerful enough reducing agents to generate copper(0), as has been shown by Kim et al. [54, 55] for the production of metal nanoparticles in supercritical alcohols. Kubota et al. [56] have recently reported the continuous hydrothermal production of PVP-stabilized copper nanoparticles using copper formate as the copper source. Formic acid is well known to decompose to CO 2 and H 2 under hydrothermal conditions, thus providing the impetus for the reduction reaction even in supercritical water [70] .
(e) Metal-organic frameworks
Metal-organic frameworks (MOFs) have been heralded in recent years as having the potential to be industry-leading materials for various applications such as CO 2 capture/storage, H 2 storage, catalysis and pharmaceutical delivery systems. All of these potential applications involve exploiting the porosity of the frameworks, which has been the main attraction of this group of materials. MOFs consist of two main components, an inorganic unit and an organic linker. The inorganic unit can be either a single metal ion or a 'metal cluster', which normally comprises several metal ions coordinated to a central electronegative atom. The metal ions or clusters are covalently bonded to organic molecules; the ability to coordinate with these inorganic units is the main restriction on the nature of this organic linker. The versatility of the organic unit is what has led to the wide range of frameworks that have now been reported [71] .
Conventionally, MOFs are synthesized using hydrothermal and solvothermal batch methods. However, in recent years, novel methods for synthesizing MOFs have been reported, such as microwaves [72] [73] [74] [75] , ultrasound [76] and mechanochemical synthesis [77] . These techniques can benefit from reduced synthesis times and easier post-processing of products; however, none of these techniques have been adapted for the continuous production of MOFs. There are only a few reports for the continuous production of MOFs. Schoenecker et al. [78] in 2013 reported a continuous process for the synthesis of UiO-66 using their patented reactor that uses batch technology with an integrated flow system to allow for the removal of products and introduction of reagents in situ. The Serre research group described a scalable aerosol system, which uses two liquid reagent streams injected into a flow of hot air, for the synthesis of HKUST-1, ZIF-8 and Fe 3 (BTC) 2 [79] . A similar spray-drying technique was also demonstrated by Carné-Sánchez et al. [80] . A microfluidic system, demonstrated by Faustini et al. [81] , was shown to be a versatile technique for the production of various MOFs, including HKUST-1 and UiO-66, and several other groups have investigated MOF synthesis in microfluidic systems [82, 83] . To realize the industrial potential for MOFs, a continuous large-scale method for their production needs to be developed. The continuous-flow reactor technology described above was shown to be a viable option to solve this problem. In 2012, the successful synthesis of two MOFs, HKUST-1 and CPO-27(Ni), was reported using this continuous method [57] . It was the first example of continuous hydrothermal and solvothermal synthesis of MOFs. However, similar technologies have been reported since. Rubio-Martinez et al. [84] reported the continuous synthesis of HKUST-1, UiO-66 and NOTT-400 using a reactor with a T-piece mixer, which is followed by a heating unit, where the whole system is held under a pressure of approximately 7 bar. A similar T-piece reactor with post-heating was used to continuously produce a cerium-terephthalate MOF at 100 bar [85] , and MIL-53(Al) at 250-300 • C and 230 bar [86] . A low-temperature (120 • C), long-residence-time (60 min) flow system has also been shown to produce a variety of MOFs by Waitschat et al. [87] . The Nottingham reactor has been used to make MOFs under a wide range of conditions from room temperature to 400 • C, from ambient pressure to 240 bar and using varying flow rates of the available reagent streams. The work by the Stock research group shows that the choice of reagents and the resulting pH levels can be critical in obtaining the desired product [88] . Our work has shown that, by manipulating the synthesis conditions, the size and morphology of particles can be controlled; particles have been produced on the micro-and nanoscale ( figure 11 ). Early work demonstrated that the method used for metal oxide synthesis, whereby all synthesis reagents are introduced via the cold streams, could be directly applied to the synthesis of MOFs. It is possible to synthesize MOFs under supercritical conditions; however, the method offers very little advantage and introduces metal oxide impurities into the final product.
Conclusion and future outlook
This review highlights the extension of the supercritical water hydrothermal synthesis technique beyond the production of fine metal oxide nanoparticles into a more widely applicable continuous-flow hydrothermal and solvothermal route with scope for the large-scale production of a wide variety of inorganic nanomaterials. Through a combination of reactor design and 'chemical know-how', a whole host of materials, including oxides, sulfides, phosphates, metals and MOFs, are now available through this technique. It should be noted that adapting and developing new synthetic strategies for these high-temperature, high-pressure continuous-flow systems remains an empirical procedure. One of the great challenges remaining in this area lies in understanding the critical physical and chemical processes around the mixing point. The major difficulty here arises from the very nature of the technique, with the temperatures and pressures prohibiting the monitoring of reactions by most conventional means, and thus limiting the development of mechanistic theories to post-synthetic rationalizations. In situ monitoring of these reactions by X-ray or neutron imaging and diffraction using synchrotron sources would provide many answers to questions of reactor design and reaction mechanism. Iversen and co-workers [89, 90] have made great strides in this area, with their work on the mechanisms of crystallization in various systems providing insights into nucleation and growth phenomena under supercritical conditions. The physical (and safety) constraints of working with supercritical water have restricted these studies to post-mixing isothermal zones constructed of sapphire to minimize attenuation of the X-ray beam. Attempts at directly observing the immediate mixing point have often revealed only the build-up of product, which, while useful in its own right, reveals little of the true chemistry occurring at this point [91] . With the continuing development of synchrotron capabilities, it is expected that future experiments in this vein may prove more fruitful. For now, the more old-fashioned empirical chemical methods have allowed enormous progress, and this will continue, with new materials and further fine chemical and physical control still to be achieved. Perhaps most importantly for this field, large-scale industrial facilities, beyond Hanwha's existing plant (http://hcc.hanwha.com/eng/index_eng.jsp), are being built and will further prove the value of the technology, particularly as an industrial route to inorganic nanomaterials.
